The design of a clean combustion technology based on lean combustion principles will have to face combustion instability. This oscillation is often discovered late in engine development when unfortunately only a few degrees of freedom still exist to solve the problem. Individual component test rigs are usually not useful in detecting combustion instability at an early stage because they do not have the same acoustic boundary conditions as the full engine. An example of this unsteady activity phenomenon observed during the operation of a high-pressure core is presented and analyzed. To support the investigation work, two numerical tools have been extensively used: (1) experimental measurement of unsteady pressure and the results of a multidimensional acoustic code are used to confirm that the frequency variations of the observed modes within the operating domain of the high pressure core are due to the excitation of the first and second azimuthal combustor modes. The impact of acoustic boundary conditions for the combustor exhaust is shown to control the appearance and mode transition of this unsteady activity. (2) 3D reacting and nonreacting Large Eddy Simulations (LES) for the complete combustor and for the injection system cup alone suggest that the aerodynamic instability of the flow passing through the cup could be the noise source exciting the azimuthal acoustic modes of the chamber. Based on these results, the air system (cup) was re-designed in order to suppress this aerodynamic instability and experimental combustion tests confirm that the new system is free of combustion instability.
I. Introduction
High-pressure core used for the development of gas turbines is constituted of the association of a combustor chamber, a high-pressure compressor and a high-pressure turbine (Fig. 1) . Such devices are very useful for engine manufacturers because they are demonstrators where advanced technology, which is intended to be put into service later for new engines, can be fully assessed. It is a very important step within the research and technological development process because the components which have been designed and tested separately, will work together for the first time. Some new problems involving components coupling, noise and instability may appear during high pressure core tests even if during each individual component test campaign, no significant unsteady activity was detected. Combustion instabilities due to interaction between acoustic and unsteady combustion, are characterized by strong oscillations of pressure, velocity and reaction rate and have been commonly observed in multiple industrial devices 1 since the first observations were made more than a century ago 2 . Sometimes, as the consequence of acoustic disturbance, some hydrodynamic bifurcations are observed leading to the creation of large-scale structures within the flow which are parts of the combustion instability process. Even if the acoustic activity does not induce some corresponding structural vibrations, the generated noise level is usually regarded as unacceptable.
Today, lean combustion systems are promising devices in order to meet the future NOx emission reduction requirements. Unfortunately they are also more sensitive to combustion instability compared to classical combustors for at least two reasons:
-Lean combustion structures are more easily extinguished by turbulent fluctuations than the stoichiometric ones. As they can be reignited later in the combustor, they have the potential to become acoustic sources. Since the technological objective is to burn in a lean mode, the total percentage of the combustor occupied by lean combustion zones is increasing and therefore the probability of getting a more intense coupling between combustion and acoustics also increases.
-Since more air is affected to the injection system, the probability of exciting hydrodynamic instability entering into the process of combustion instability, is also increasing. As large scale structures issued from the air system associated with the injection system, control the mixing between fuel and air, they could lead to unsteady combustion and interactions with the acoustic waves in order to produce self-excited combustion oscillation.
The development of clean combustion devices based on lean combustion will be successful only if engine manufacturers implement the relevant knowledge and numerical methodology to: -Reliably identify, analyze and understand all the related combustion instabilities appearing at each development stage: component level, high pressure core level and engine level in order to find solutions.
Fully integrate combustion instability issues into the combustor design process to minimize their impact over the whole engine operating domain.
Moreover, in order to reduce the time and cost for development, engine manufacturers will probably more and more run high pressure cores without any previous component tests. Then controlling the complete process (identification, analysis, understanding, proposition of solution) would appear to be of the first importance.
This paper presents an investigation methodology which has been successful in the understanding of high pressure core experiment results. This methodology combines experiments and numerical methods where Large Eddy Simulation (LES) and acoustic analysis are the main components: LES has become a standard tool in the study of the dynamics of turbulent flames for gas turbines 4, [11] [12] [13] [14] [17] [18] [19] 22, [24] [25] [26] [27] [28] [29] or for piston engines 16 while acoustic analysis is a standard numerical method for predicting acoustic modes in cavities which has been extended to reacting flow cases by multiple authors in the past 5, 6, 8, 24 . These tools will be described briefly here since the paper concentrates on the results they provide rather than on their theoretical basis. Section 2 presents the configuration and the related observed unsteady phenomena while section 3 rapidly describes the numerical tools used for the work. Section 4 focuses on analysis. Once the acoustic modes controlling the observed oscillations have been identified, a detailed discussion about their appearance, transition, and hysteresis is given. Hypotheses regarding the nature of the acoustic source at the origin of the phenomenon are formulated and verified. A general conclusion is made in section 5.
II. Configuration and Observed Phenomenon
The high pressure core configuration includes a high pressure compressor, a combustor and a high pressure turbine ( Fig. 1) . After a small delay past the ignition of the combustor, all unsteady pressure sensors ( Fig. 1) mounted on the core engine indicate strong fluctuations (Fig. 2) . For atmospheric operating core conditions the oscillations appear at rotation speeds of around 9000 rpm. Since there is no mechanical response detected anywhere, this unsteady activity involves only aero-acoustic issues. By increasing engine power, the unsteady activity disappears for rotation speeds of around 16500 rpm. Usually, sensors are installed at different axial and azimuthal locations on the core engine. For the present case, sensors C1 to C6 are mounted at different azimuthal locations on the last stator stage of the high pressure compressor. Others sensors are located on the combustor false igniter, and in some cavities outside the main flow. For civilian applications, the combustor casing is designed in order to be equipped with two igniters. For high pressure core testing, one igniter is sufficient and the other one is replaced by an unsteady pressure sensor, named the false igniter, which monitors the pressure inside the combustor. -Unsteady activity frequencies are changing as the operating point of the core engine is changing, but they are not linear functions of the rotation speed.
-Two different domains can be identified: within domain 1, frequencies are in the range of 400Hz to 600Hz while within domain 2, they are in the range of 700Hz to 900Hz.
-The unsteady pressure signal amplitude is highly dispersed and does not exhibit any clear relation with the mechanical, aerodynamic or thermodynamic operating parameters of the core engine.
For a given test day, the transition between domain 1 and domain2 is abrupt and the frequency shift is around 300Hz. The rotation speed of the core engine corresponding to transition during acceleration is not the same as the one corresponding to transition from domain 2 to domain 1 during a deceleration. This hysteresis phenomenon suggests that the thermal behaviour of the core engine could play a role in the process governing the transition between the two domains. This aspect will be specifically discussed later. Unsteady activity disappears roughly 0.2s after the shut down of the fuel flow. The rotation speed just begins to decrease and no dramatic aerodynamic change is expected at this time. This observation confirms that combustion is an essential ingredient for the existence of this instability process. It is not an aerodynamic noise amplified within some internal cavities because in this case, it would continue to exist even when the fuel flow is stopped. Unsteady activity also disappears when the rotation speed exceeds 16500 rpm, showing that certain regimes with combustion are also stable.
III. Numerical Tools
In order to study the unsteady behaviour described in the previous section, four different solvers have been used: -AVBP: a Large Eddy Simulation (LES) solver 22 . This tool enables solving full compressible Navier Stokes equations in complex geometries. It has been validated successfully on numerous combustion chambers over the last five years 3, 20, 21, 23, 24, 25, 26 . LES have revolutionized the capacities of CFD in the field of unsteady combustion by providing an insight into the large scale structures present in the flow. Since combustion instability is most often associated with large scale vortices, LES is the most obvious choice to study such phenomena.
-N3S: a Reynolds Averaged Navier Stokes solver which is used to compute the mean flow within the combustor using classical turbulence models.
-NOZZLE: a one-dimensional acoustic solver giving the impedances of nozzles such as the diffuser or the distributor located downstream from the combustion chamber · AVSP: a three-dimensional Helmholtz solver which provides the solutions to the acoustic equations (frequencies and mode structure) in a domain where temperature and speed of sound are given by AVBP or N3S and impedances are estimated using NOZZLE. AVSP solves the wave equation in a non isothermal three-dimensional domain 19,,30 . This solver has been used in conjunction with AVBP and is useful in understanding experimental or LES results 7, 8 . Although the LES of the complete combustor is feasible, a pure acoustic analysis is still valuable not only for cost and time delay reasons, but also to understand all of the possible oscillation modes: LES will only give the most amplified mode corresponding to a given set of boundary conditions, while the Helmholtz solver AVSP will provide all possible acoustic modes that can exist within the system in terms of frequency and the amplification factor.
IV. Analysis of the instability modes
A. Acoustics analysis evolution over the domain of interest lies very well within the measured frequencies for domain 2, and exhibits the right slope. Moreover, the spatial structure of the computed 2A mode (Fig. 5c ) is fully compatible with the one that can be perceived through the six pressure sensors C1 to C6 (Fig. 4) suggesting that the second azimuthal mode of the plenum-combustor system (2A) is the mode appearing within domain 2. Note that this result shows that an oscillation mode (like Domain 2 in Fig. 3 ) with a frequency which changes with rotation speed, can still be linked to an acoustic mode simply because acoustic frequencies also shift when the regimes change.
For the mode of domain 1, the analysis is more difficult since Fig. 6 indicates that the frequencies computed by AVSP are outside domain 1, while the azimuthal spatial structure that can be drawn from the recorded pressure signal is fully compatible with the one obtained for the computed first azimuthal mode. The mismatch in frequency (around 500 Hz experimentally for around 400 Hz in AVSP) is probably due to the fact that the boundary conditions are not perfectly identified in AVSP and are sufficiently small to conclude that the first azimuthal mode (1A) is observed within domain 1.
From the five computed thermodynamic conditions, we have derived a linear correlation giving the frequency of the 2A mode as a function of the average temperature at the combustor outlet. The 2A mode has been chosen because it is the one that is more often encountered during the operation of the high pressure core and also because the fit of the computed acoustic frequency with the measured one is the best. A set of two hundred operating conditions of the high pressure core corresponding to several days of tests has been considered. Then the differences between the acoustic frequency obtained with the previous correlation and the measured ones is calculated for each operating condition. Thus a table linking this difference to the measured amplitudes by the sensors put at the last compressor stator stage and by the one inside the combustor, is available. In order to simplify the presentation, the two hundred frequency differences have been distributed into five categories (Tab. 1) For each category the amplitude average is computed from the measured corresponding ones and the final results are synthesized into Table. 1 clearly shows that the maximum amplitudes are obtained when the frequency of the instability corresponds, with a small dispersion, to the acoustic frequency of the combustor and demonstrates the thermo acoustic nature of the phenomena. Moreover the sensor located into the combustor gives a stronger signal than the ones which are on the last compressor stator stage. Table. 1 also shows that a background acoustics activity exists which could be due to the activity of an unsteady source that should be identified.
B. Appearance, Transition and Hysteresis
The previous section has suggested that the mode responsible for Domain 1 unsteady activity is the first azimuthal (1A) while the mode inducing oscillations in Domain 2 is the second azimuthal (2A). The two acoustic modes can exist simultaneously or not depending on the thermodynamic state, on the combustion distribution and on acoustic boundary conditions. Indeed during the operations of the core engine, at least two singularities can provide strong changes for the acoustics boundary conditions of the combustor. They correspond to regimes where first, the high pressure turbine nozzle and second, the first stage of the high-pressure turbine choke. As anticipated from Fig.   1 , choking the turbine nozzle has an obvious impact on the acoustic boundary conditions at the outlet of the combustor. The choking of the first high-pressure row can have an impact on the acoustic boundary conditions of the combustor in two ways:
• A coupling mechanism between the two shock waves can lead to a change in acoustic boundary conditions or to a simple interaction / adaptation of the first shock to the presence of the second one. This mechanism alters the flow and acoustics near the combustor outlet.
• All the mass flow rate issued from the pre-diffuser does not enter the combustor and part of it flows into the combustor casing to cool the high pressure turbine nozzle and the first row of vanes. Row choking can change acoustic impedances and this information can be transmitted to the chamber through the external flow around the combustor then affecting all mass flow rates coming into the combustor and especially the one associated with the injection system. Although influence though primary holes, dilution holes and effusion cooling is also possible, it is expected that the main effect is through the injection system.
If this scenario is true, a simple verification is that there should be coincidence first, between the appearance of the unsteady activity and the turbine nozzle choking (around 8000-9000 rpm) and second, between the transition and the choking of the high-pressure turbine first row (between 13500 rpm and 15000 rpm). These tests have been performed experimentally over various test days and confirm this assumption by proving that unsteady activity on mode 1 begins when the turbine nozzle chokes and that mode 2 replaces mode 1 when the first high-pressure row of the turbine chokes. Thermal effects and dilatation affecting the geometric the flow passage areas are different between acceleration and deceleration of the core engine, therefore, as choking will not occur at the same rotation speeds for acceleration and deceleration, hysteresis is observed for the transition between the two acoustic modes.
C. Identification of the Source Exciting the Azimuthal Modes
The previous sections have shown that the modes observed experimentally were two azimuthal modes of the chamber and that the choking of the passages downstream of the chamber, was triggering these modes. This analysis is incomplete because the source of the oscillation is still unknown: acoustics alone cannot induce instability in the absence of a forcing mechanism. To identify this mechanism, additional LES and experiments were performed first for the combustor itself (with combustion, Section C1) and then for the injection system alone (without combustion, section C2).
C1. LES of the combustor (reacting flow)
The previous experimental results can be analyzed in terms of Strouhal numbers: based on the air velocity at the injection system exit and on related characteristic dimensions, the Strouhal numbers of modes 1 and 2 vary between 0.2 and 0.5. This simple observation suggests that hydrodynamic modes might contribute to the unstable loop leading to modes 1 and 2: natural hydrodynamic instability in swirling sheared flow is known to produce large scale turbulent structures that are able to provide the instability initiation mechanism through the induced oscillations of the mixing rate between air and fuel and of the reaction rate. In order to identify such large coherent structures, an analysis of the following operating point of the core engine (T30=473K, P30=4,4 bar and FAR=1,2%)
corresponding to high levels of acoustic noise during tests has been made using LES. Figure 7 displays the LES geometry that includes the high-pressure distributor at the chamber outlet to reproduce the corresponding acoustic condition (a complete analysis of the LES results is given in the PhD thesis of S. Roux 9 ). At this regime, the highpressure distributor is almost choked and its impedance is close to a choked nozzle (which means that it behaves acoustically almost like a rigid wall). Fuel is supposed to vaporize instantaneously when it enters the chamber and is injected on the burner axis (see Fig. 8 ).
Typical LES fields at random instants are given in Fig. 8 . The flame is stabilized in the primary zone by the large swirl level. The isosurface of the stoichiometric mixture fraction allows a visualization of the natural instability mode observed in almost all swirling flows at these levels of swirl 10 : a precessing vortex core (PVC) exists on the chamber axis and moves both the rich zones and the flame front around the axis of the burner. This instability mode is not very strong in this case, where the chamber is isolated from any upstream forcing, but it indicates a clear sensitivity in the frequency range of the PVC: the spectra of axial velocity obtained by LES on the burner axis ( Fig.   9 ), reveals that the PVC appearing in this chamber is produced at a frequency ranging from 600 to 1200 Hz. The recirculation zone and the flame move in the same frequency range. This range contains the frequency of the mode observed in the experiment in Domain 2 and corresponds to Strouhal numbers of the order of 0.6 that is typical of such flow. Even though this LES does not prove that the PVC is the source of the instability, it confirms that the chamber reacts strongly in this frequency range and that no upstream perturbation is needed to destabilise the flow inside the combustor. Therefore the field of investigation can be reduced to the combustor module only.
C2. Experimental and LES study of injection system unsteadiness (no combustion).
The objective is now to confirm the previous findings for the complete range of operating conditions of the injection system and to identify technological modifications in order to suppress instability. Focus has been put on pure thermo-acoustic behaviour because no response of the fuel injector regarding possible unsteadiness of the liquid mass flow rate due to the acoustic wave has been detected during the operation of the high pressure core in the presence of high amplitude instability. The high liquid pressure loss at the injector tip, of more than 40 bar, implies that the acoustic wave has a very little impact on the fuel flow rate. Moreover, a mechanical analysis of the complete injector has shown that it cannot react for the frequency range involved in the analysis. Since it is not conceivable to modify the combustor geometry at this development step in order to make it insensitive to the perturbation induced by the source, changes to the air system associated with the injection system, in order to suppress the hydrodynamic source, have to be identified. Fig. 10 displays the air system associated with the injection system. It is usually comprised of five main elements: cup holes, purge holes, first swirler, second swirler and a cooling system. The noise generated by the air system has been characterized from experimental results at an atmospheric pressure for different flow conditions.
The air system was installed into a specific setup fed by air to generate different pressure drops from 1% to 6%. A microphone was installed some centimeters downstream from the setup. Post processing of the monitored values of unsteady pressure allows for the determination of the pressure spectrum for each operating condition (Fig. 11) . For frequencies lower than 1000 Hz, a moving peak with respect to pressure drop is present. For a pressure drop equal to 1%, this peak is centred around 300Hz, for a pressure drop equal to 4%, it is centred around 600 Hz and for a pressure drop equal to 6%, it is centred around 800Hz. This peak is intense and this result confirms the LES suggestion of the previous section, indicating that the air system could be at the origin of the unsteady activity and acts as an acoustic source where frequency varies as a function of the flow velocity through the air system. The resulting unsteady activity amplitude depends on the amplification rate by combustion within the combustor. When the frequency peak coincides with the natural frequency of the combustor, amplitude is expected to be high, otherwise it remains low. This analysis seems to be confirmed by Fig. 21 displaying the evolution of the measured amplitude during an acceleration of the core engine and shows the large corresponding variations of amplitude and by the analysis given in section A.
In order to identify what elements or element combinations of the air system could be responsible for this hydrodynamic instability, some complementary tests have been made to obtain the acoustic spectra corresponding to the cases described by Table. 2, when pressure loss varies from 1% to 6%. Fig. 12 to Fig. 16 display a zoom of the obtained acoustic spectra centred on the range of frequencies of interest for cases two to six and for two pressure losses (2% and 6%). Since the scales are different between all the records, the maximum and the minimum amplitudes are directly indicated within the figures. Fig. 12 suggests that this moving peak results from the hydrodynamic instability of the flow issued from the swirlers. by a coupling with the flow of the purge holes (Fig. 15) . Fig. 16 demonstrates that the flow issued from the purge holes and from the cup holes does not generate any hydrodynamic instability. Since LES captures the dynamics of swirling flows rather easily 21 , the complete experimental configuration has been computed for pressure losses equal to 4% and for the configurations that correspond to case 1 and 3 of Table 2 . The overall mesh is displayed by Fig. 17 and details near the air system are provided by Fig. 18 . A virtual sensor has been put into the computations in order to obtain the acoustic spectra to be compared with the experimental one. Fig. 19 indicates that the high amplitude acoustic peak is very well captured by LES at the right frequency while no particular acoustic activity can be detected on Fig. 20 as was expected from the previous experimental results. Therefore LES will be considered as useful for the re-design process of the air system.
D. Modification of the injection system in order to solve the problem.
The previous analysis demonstrated that the air system was the origin of unsteady activity and needed a specific design optimization. Due to the need for NOx emission reduction, air system permeability has to be kept constant and changes cannot be easily introduced because modifications brought to the air system can impact on performance other than emission, such as temperature profiles at the exit of the combustor, a weak extinction limit and the altitude restart domain. Changes have been applied to the air flow split of the air system (Table. 3) and to the locking of the vanes of swirler 2 going from 60° to 45°in order to get an optimized design. During the optimization process, LES computations of some other designs have been performed and the selection of the optimized one has been made only from the analysis of the corresponding computational results.
The new system has been manufactured and tested without combustion in the set up of Section C2 with the same procedure as in C2. The corresponding acoustic spectrum for 4% pressure loss is displayed in Fig. 22 . The comparison of Fig. 11 (corresponding to the initial design) with Fig. 22 (corresponding to the optimized design) reveals that the 600 Hz peak has disappeared. The same conclusion is obtained for the complete range of injection system operating conditions in terms of pressure loss. More importantly, tests with combustion were repeated and as expected, no unsteady activity has been detected with the optimized air system.
V. Conclusion
The objective of design for future lean combustion systems in gas turbine chambers, is to make the combustor and injection systems free of any instability problem over their entire domain of operation. In the present research, experiments, LES and acoustic modelling codes have been used together in order to analyze, understand and solve a complex combustion instability problem occurring on a high-pressure core engine. This work demonstrates that the maturity level gained by numerical tools is now sufficient to complement experiments during the resolution of industrial problems at the design phase. This is a significant result since lean combustion is the strategy chosen by most engine manufacturers in order to make future engines more environmentally friendly in terms of pollution emissions. The present work also confirms the importance of acoustic boundary conditions both in the real world, because they control the oscillation modes, and in the numerical world because they are needed to provide the correct predictions of unstable modes. This also suggests that the characterization of acoustic impedances will be a major task in the future, at the high-pressure compressor outlet, at the combustor outlet for choked and non-choked conditions and for combustor walls when they are effusion cooled 15 . Since LES tools are at the core of the numerical 
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